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Abstract 
In Lake Simcoe (Ontario, Canada), anthropogenic phosphorus (P) loads have contributed to increased algal growth, 
low hypolimnetic dissolved oxygen concentrations, and impaired fish reproduction. Management targets to control eu-
trophication require an ambitious programme to reduce P loads to the lake. Remediation strategies rely upon an 
improved understanding of P sources and assessment of the effectiveness of different control options. Here we present 
an application of the integrated catchment model for phosphorus (INCA-P) to examine P sources across the Lake 
Simcoe watershed and simulate in-lake P concentrations. This is the first application of INCA-P to a complex watershed 
of this nature and the first to include a lake component. We evaluated a set of management actions to simulate 
anticipated effects of P reduction strategies on in-lake total phosphorus (TP) concentrations. The INCA-P scenarios 
show the difficulty of achieving large-scale reductions from the watershed, given the low rates of P export; however, the 
study shows that a multifaceted strategy, including fertilizer reduction, addition of buffer strips, more stringent controls 
on sewage treatment plant effluent, and reduced deposition of P to the lake surface, could achieve a 25% reduction in 
lake-water TP concentrations and produce TP close to the target of 0.01 mg L−1. 
Key words: branched river, INCA-P, Lake Simcoe, management practices, phosphorus loading, water quality 
modelling
Introduction
Phosphorus (P) can enter surface waters through 
atmospheric deposition, fertilizer application, soil 
erosion, sewage treatment plants (STPs), and vegetation 
recycling. In many regions, a large proportion of P input 
to surface waters is due to human activities. This P 
enrichment has caused widespread problems from 
eutrophication (Schindler 1971). Levels of P in Lake 
Simcoe (Ontario, Canada; Fig. 1) are elevated and have 
increased 3-fold since presettlement times (LSEMS 1995, 
Evans et al. 1996), resulting in increased algal productiv-
ity, declining hypolimnetic oxygen concentrations, and 
consequent degradation of fish habitat for cold-water 
species (LSRCA 2009). Reductions in P loading are 
therefore required to allow natural reproduction of 
cold-water fish species including lake trout, herring, and 
whitefish. The Lake Simcoe Phosphorus Reduction 
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Strategy, a remediation plan mandated by legislation 
under the Lake Simcoe Act, requires a 40% reduction in P 
loads to the lake by 2045 (OMOE 2010).
Previous work has suggested that the largest P source 
to Lake Simcoe is from its tributaries (contributing ap-
proximately 50% of P; Winter et al. 2002, 2007, LSRCA 
2009). Although recent data indicate that total P (TP) 
loads from some tributaries are declining (Winter et al. 
2007), larger load reductions are required in the future 
(OMOE 2010). These reductions must be achieved despite 
continued urban growth, climatic change, and maintenance 
of a high level of agricultural productivity.
Computer-based mathematical modelling is often used 
to understand catchment-scale P dynamics and assess the 
effectiveness of potential remedial actions for P reduction. 
Here we present a new application of a process-based 
dynamic model, the integrated catchment model for P 
(INCA-P) to the Lake Simcoe watershed to simulate the 
catchment P export and in-lake P concentrations. A 
previous INCA-P model applied to one of the main 
tributaries to the lake, the Black River catchment 
(Whitehead et al. 2011), was the first INCA modelling 
study using a branched structure to fully represent the 
river network. In addition to understanding the P dynamics 
in tributary catchments, however, the central management 
issue is the control of P loads to the lakes, with reduction 
of tributary loads representing a critical management 
objective. Effective management strategies then rely on an 
improved understanding of P sources and a means of 
assessing the potential for mitigation strategies to help 
reduce P loads. 
Building on past work in single tributaries of the lake, 
the first objective of this work was to extend the INCA-P 
model and determine whether the model could be adapted 
to simulate P dynamics within the numerous tributaries of 
Lake Simcoe, represent key lake processes, and simulate 
in-lake concentrations. The second objective was to use 
the model to assess a set of alternative management 
strategies to control P fluxes. These management actions 
include tighter STP emission controls, fertilizer 
reductions, buffer strips, and deposition reductions, all of 
which were assessed and evaluated in this study.
Study area
Lake Simcoe (44º25ʹN; 79º20ʹW) is a large freshwater 
lake (722 km2) situated at an elevation of about 216 m 
a.s.l. in southern Ontario, Canada (Fig. 1). The lake 
consists of a main basin and 2 large bays, Kempenfelt Bay 
at the west side of the lake and Cook’s Bay at the southern 
end of the lake (Fig. 1 and 2). The 22 catchments that 
drain into the lake vary in complexity in terms of stream 
order, land use, slope, P flux, and rainfall (Fig. 1; Table 1). 
Among the 22 catchments in the Lake Simcoe 
watershed, 6 major catchments (Beaver River, Black 
River, Pefferlaw Brook, Whites Creek, West and East 
Holland rivers) have complex river networks. These 6 
catchments are located in the central-southern portion of 
the basin in an area characterized by thick, fertile soils on 
top of limestone and shale bedrock (Johnson 1997; Fig. 1) 
and vary considerably in terms of land use (Table 1) and 
stream water quality (Scott et al. 2006, Winter et al. 2002, 
2007). 
Pefferlaw Brook and Black River are tributaries that 
flow into the southeast side of Lake Simcoe. Land cover 
in these 2 catchments is characterized by a greater 
proportion of forests and wetlands than other parts of the 
Lake Simcoe watershed (Table 1), and urban development 
is relatively limited (Table 1). In Pefferlaw Brook, 
average TP concentrations are relatively low (25–50 
mg L−1 during 1990–2004; Winter et al. 2007); however, 
the large area of the catchment renders loads from 
Pefferlaw Brook important to overall lake P loads (Winter 
et al. 2007). Average TP concentrations in Black River 
are higher (40–60 mg L−1), but export is lower. TP con-
centrations and loads do not show evidence of temporal 
change in either Pefferlaw Brook or Black River (Winter 
et al. 2007). 
Beaver River and Whites Creek lie on the eastern side 
of Lake Simcoe. Whites Creek is the smallest of the 6 
major catchments. Both Whites Creek and Beaver River 
have significant areas of agriculture (Table 1). The Whites 
Creek catchment is underlain by sand and clay near Lake 
Simcoe and clay in upland areas (Johnson 1997); the 
surficial geology of Beaver River is similar, but a much 
larger area is underlain by till (Johnson 1997). Beaver 
River flows through an extensive wetland complex 
(LSRCA 2010a), and much of the river is underlain by 
organic sediments. Phosphorus concentrations in Beaver 
River are among the lowest of the Lake Simcoe tributaries 
and are declining (Winter et al. 2007). Although P concen-
trations in Whites Creek are intermediate among Simcoe 
tributaries, they can exceed provincial standards (Scott et 
al. 2006).
East and West Holland rivers contribute the highest P 
exports (Winter et al. 2007). East Holland River is the 
most urbanized of the 6 major Lake Simcoe catchments 
(Table 1), containing the cities of Aurora, Newmarket, and 
Holland Landing. Like West Holland River, East Holland 
has a high gradient and fast flow in upstream reaches and 
is characterized by low gradient and slow flow farther 
downstream (LSRCA 2010b, 2010c). Both rivers can also 
show reverse flow near the lake due to high lake levels or 
wind effects (Scott et al. 2006). West and East Holland 
rivers merge approximately 5 km upstream of the outflow 
into the southwestern corner of Lake Simcoe. Both rivers 
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Fig. 1. Location of Lake Simcoe, Ontario, Canada, and the Lake Simcoe catchments, flow gauging stations, river and lake sampling stations, 
weather stations, and atmospheric deposition collectors.
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receive STP discharges, and water quality is highly 
degraded in areas of both rivers. Although reductions in P 
concentrations and export have been reported (Winter et 
al. 2007), P concentrations are regularly in excess of 
Provincial Water Quality Objectives (LSRCA 2010b, 
2010c). The West and East Holland catchments also have 
the most productive agricultural land in Canada. Large 
expanses of wetland, such as the Holland Marsh polder, 
have been diked and drained for vegetable production. 
Hydrology in this area is complex but is currently 
controlled by a pumping facility near the north end of the 
marsh, which is used to move water from the polder into 
the river during wet periods associated with high rainfall 
or snowmelt (K. Smart Associates Ltd 2009). In dry 
periods, river and canal water may be used for irrigation. 
Pumped water has high P concentrations, and much of this 
P is highly bioavailable (Nicholls and MacCrimmon1974). 
As a result, polders are a major source of bioavailable P 
(Winter et al. 2007). 
Lake Simcoe has a cold climate, with mean annual 
temperatures of 6–7 °C and a frost-free season of 120–140 
days (Johnson 1997). Precipitation occurs throughout the 
year, with a large proportion falling as snow, leading to 
significant increases in spring runoff and spring P fluxes. 
Data description
Extensive long-term flow and water quality data are 
available from the Lake Simcoe Environmental 
Management Strategy (LSEMS) program and the 
Provincial Water Quality Monitoring Network program 
for the 6 major catchments (Fig. 1); lake TP concentra-
tions are the focus of this study. There are 4 monitoring 
stations in the lake, 2 in Kempenfelt Bay and 3 in Cook’s 
Bay (Fig. 2). Biweekly or monthly samples from these 
stations were collected and analyzed for TP concentrations 
from May to October between 2007 and 2009 (the Ministry 
of the Environment  long term monitoring programme). 
  Land use in %
Subcatchment Area (km2 ) Urban Intensive agriculture
Non-intensive 
agriculture Wetland Forest 
Barrie Creeks 37.5 77.6 0.7 7.1 2.9 11.8
Beaver River 327.3 4.8 28.4 37.2 19.1 10.5
Black River 322.4 10.2 22.7 20.0 24.1 23.0
East Holland River 238.5 32.8 21.9 16.7 10.9 17.6
Fox Island 0.2 33.4 0.0 0.0 0.0 66.6
Georgina Creeks 49.3 19.9 29.8 9.3 14.6 26.4
Georgina Island 12.9 7.4 0.0 4.1 60.7 27.8
Hawkestone Creek 39.7 6.0 12.0 26.5 20.6 34.8
Hewitts Creek 17.5 21.7 46.8 13.3 5.7 12.5
Innisfil Creeks 107.2 19.1 29.4 19.5 11.5 20.5
Lovers Creek 59.9 30.1 28.0 11.9 13.2 16.8
Maskinonge River 63.5 10.9 52.6 18.7 8.0 9.8
Oro North 75.3 20.4 9.5 27.9 11.2 31.0
Oro South 57.4 12.9 19.3 24.6 11.3 31.9
Pefferlaw River (+Uxbridge) 415.7 10.8 24.9 25.7 16.3 22.2
Ramara Creeks 134.5 6.5 11.0 42.9 24.4 15.3
Snake Island 1.4 34.5 0.0 0.0 17.8 47.7
Talbot River 70.5 5.1 11.1 49.2 13.4 21.1
Thorah Island 4.4 4.5 0.0 11.6 21.2 62.7
West Holland 219.6 11.3 43.7 17.9 10.5 16.6
Whites Creek 89.1 3.1 18.9 42.3 19.1 16.6
Lake Simcoe surface area 722      
Table 1. Subcatchment areas (km2) and land uses in % in Lake Simcoe.
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Because pumping rates vary depending on weather, 
East and West Holland catchments have significant 
interannual variation in P export from the polders. 
Continuous daily measurements of volumes of water 
pumped in or out of the polder are not available. We 
treated the pump house as a point-source effluent using 
data reported by the Lake Simcoe Region Conservation 
Authority.  
In most study catchments, water is abstracted from 
groundwater or surface waters for municipal and agricul-
tural uses (LSEMS 2008), and most rivers receive sewage 
inflows (Table 2). Sewage inflows into rivers in the study 
catchments are reported for a 3-year period (Table 2); 
however, longer term declines in sewage loads have been 
reported (Scott et al. 2006). Detailed hydrological, 
geological, and soil data are available for each of the 
catchments (Johnson 1997, Singer et al. 2003, LSRCA 
2010a, 2010b, 2010c), and stressors within the watershed 
are well characterized (LSEMS 2008). 
Integrated catchment model for 
phosphorus (INCA-P)
INCA has been under continuous development since 1998. 
The philosophy of the INCA model has been to provide a 
process-based representation of the factors controlling 
flow and water quality dynamics in both the land and 
in-stream components of river catchments while 
minimizing data requirements and model structural 
complexity (Whitehead et al. 1998a, 1998b). As such, the 
INCA model produces daily estimates of discharge and 
stream water quality concentrations and fluxes from both 
diffuse sources across a catchment and at discrete points 
along river channels. Different versions of INCA models 
for nitrogen, P, carbon, sediments, chloride, and metals 
have been applied worldwide at more than 50 sites in 
Europe, North and South America, Asia, and Australia 
(Collins et al. 1999, Wade et al. 2001, 2002, Futter et al. 
2007, Whitehead et al. 2009a, Lazar et al. 2010, Jin et al. 
2011).
The INCA models simulate flow pathways and track 
fluxes of solutes and particulates on a daily time step in 
both terrestrial and aquatic portions of catchments. The 
model system allows the user to specify the spatial nature 
of a river basin or catchment; to alter reach lengths, rate 
coefficients, land use, and velocity-flow relationships; and 
to vary input pollutant deposition loads. The INCA-P 
model originally allowed simulation of a single stem of a 
river in a semi-distributed manner, with tributaries treated 
as aggregated inputs. The revised version now simulates P 
dynamics in dendritic stream networks as in the Lake 
Simcoe watershed, without any limitation on the number 
of streams (Whitehead et al. 2011). The model also 
effectively utilizes information on a 1 km2 grid. The INCA 
model structure includes 3 levels, from a cell containing 
the process, to the land use scale (up to 6 land uses), then 
to the subcatchment level with multiple reaches, and 
finally to the multibranch setup (Whitehead et al. 2011). 
As a result, both P retention and transformation are better 
simulated in the new version. In short, the INCA model 
simulates flow through the soil from different land use 
types to deliver P to the river system, which is then routed 
downstream after accounting for point sources (e.g., 
effluent discharges) and in-stream processes.
The mass balance operates at all levels, and the 
subreach/subcatchment structure can be set up to be as 
complex and detailed as is required. The model utilizes a 
series of interconnected differential equations that are 
solved using the numerical integration method based on 
the fourth-order Runge-Kutta technique (Wade et al. 
2002), a technique that allows all equations to be solved 
simultaneously. Diagrams of the main flow paths and 
processes in INCA-P for both the catchment model and 
the lake component (Fig. 3 and 4) show that INCA-P input 
fluxes include atmospheric deposition, inorganic fertilizer, 
plant residue, livestock waste, and slurry application 
(Fig. 3). Stream output is calculated by subtracting various 
output fluxes such as plant uptake and movement to firmly 
bound P forms from these inputs (Wade et al. 2009). Both 
Fig. 2. Lake Simcoe with water quality sampling locations in 
Kempenfelt Bay (K39 and K42), Cook’s Bay (C1, C6 and C9), and 
the main lake (K45, S15, E50 and E51).
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inputs and outputs are affected by different land use type 
and environmental conditions such as soil moisture and 
temperature. INCA-P accounts for stocks of inorganic and 
organic P in the soil (in readily available and firmly bound 
forms) and TP in the groundwater and in the stream 
reaches (Wade et al. 2009). INCA-P accounts for reaction 
kinetics, nutrient recycling, exchange with the sediments, 
and, sediment diagenesis. Details about the process 
equations are described in Wade et al. (2002, 2009), and 
the multibranch version used in this study is described in 
Whitehead et al. (2011). 
General data required for INCA-P application are river 
networks, land use, fertilizer practice, and hydrological 
parameters including rainfall, temperature, and soil 
moisture. Key parameters in the INCA-P model include 4 
parts representing land phase process, in-stream process, 
flow dynamics, and major P inputs. Discharge and stream 
water P concentrations are used for model calibration.
Application of multibranch INCA-P to 
Lake Simcoe and its catchments 
Modelling catchment hydrology 
Watershed hydrology was represented using the rainfall–
runoff model, Hydrologiska Byråns Vattenbalansavdeln-
ing (HBV). HBV was developed by the Swedish Meteoro-
logical and Hydrological Institute, but several versions 
have emerged over time to meet different hydrological 
objectives, including coupling with other biogeochemical 
models (e.g., Futter et al. 2009). The version we used 
was implemented in Structural Thinking Experimental 
Learning Laboratory with Animation (STELLA) modelling 
software (ISEE 2009) and has been previously applied to 
Lake Simcoe tributaries to simulate dissolved organic 
carbon concentrations in streams (Oni et al. 2011, 2012).
In addition to simulating catchment runoff conditions 
using air temperature and precipitation (2007–2009), 
Receiving stream Plant name Effluent conc TP Average daily 
flow 
Effluent TP 
loading
Discharge into 
the lake
  (mg L−1)  (m3 d−1)  (kg yr−1)  
Barrie Barrie WPCC 0.14 53050 2653.7 Yes
Beaver River Beaver River #1 
(Sunderland)*
0.15 311 18.3 No
Beaver River Beaver River #2 
(Cannington)*
0.29 1108 116.4 No
Beaver River Lake Simcoe 
(Beaverton) 
WPCP
0.06 1658 35.4 Yes
Black River Mount Albert 0.06 662 15.3 No
Black River Sutton WPCP 0.09 1547 51.0 Yes
Innisfil Creeks Innisfil WPCP 0.09 8360 261.1 Yes
Holland River Holland Landing* 0.16 1203 68.3 No
Holland River Schomberg+ 
WPCP
0.15 594 32.9 No
Holland River Bradford 0.09 6262 220.4 No
Maskinonge 
River
Keswick WPCP 0.14 10033 523.8 Yes
Oro North Orillia WWTC 0.18 19036 1206.0 Yes
Ramara Creeks Lagoon city STP 0.08 1446 42.3 Yes
Pefferlaw Brook Uxbridge Brook 0.10 2794 102.1 No
*Seasonal discharge lagoon
+Schomberg is listed as a lagoon in the MOE municipal utility monitoring records (data from XCG Consultants Ltd 
2010).
Table 2. Annual average phosphorus concentration and loading from sewage treatment plants within the Lake Simcoe catchment. Data are 
average values from 2006, 2007, and 2008.
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Fig. 3. Description of P processes in INCA-P model including P inputs to catchments and P dynamics in soil zone, groundwater, in-stream 
column, and streambed (after Crossman et al. 2013). TDP = total dissolved phosphorus; PP = particulate phosphorus.
Fig. 4. Description of INCA-P lake model components.
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Pefferlaw Brook, Whites Creek, and West and East 
Holland rivers) were modelled using multibranch 
structures due to their complex river networks, and the 
others were treated as single reach catchments (Fig. 5). 
Concentrations of P within the lake were simulated by 
treating the bays (Kempenfelt and Cook’s bays) as reaches 
with long residence times. The main body of the lake was 
modelled as a single large body of water with a long 
residence time. Because of the longer residence time, the 
water velocity falls rapidly in the lake arms and the main 
lake, and hence sedimentation occurs.
The catchment parameters are based on the calibrated 
Black River catchment INCA-P parameters (Table 3; 
Whitehead et al. 2011). In each catchment, however, 
parameters of reach network and catchment characteristics 
such as reach length, area, and land uses have been incor-
porated into the model to reflect the complexity of the 
HBV was also used to simulate other hydrologic variable 
inputs for INCA-P, including daily hydrologically 
effective rainfall (HER) and soil moisture deficits (SMD), 
which are required inputs for INCA. The model was 
calibrated by tuning the parameters until simulated flow 
best matched the observed with a target cumulative flow 
difference close to zero. Model goodness of fit was 
measured using Nash-Sutcliffe efficiency criteria (Nash 
and Sutcliffe 1970). 
INCA-P setup and calibration
The multibranch INCA-P model was set up for all 22 
catchments, the lake itself, plus the 2 arms at Kempenfelt 
and Cook’s bays from 1 January 2007 to 31 December 
2009 (Figs. 1 and 2; Table 1). Among the 22 catchments, 
the 6 major catchments (Beaver River, Black River, 
Process Parameter Group Parameter Description Parameter Values Units
La
nd
 P
ha
se
 P
ro
ce
ss
Constants
Direct runoff residence time 1 days
Soil residence time 3.5 days
Soil
Maximum soil moisture deficit 150 mm
Equilibrium soil P concentration 0.1 mg PL−1
Soil sorption coefficient 0.002 dm3 kg−1
Fertilizer application
Addition start day 120 Julian day
Addition period 60–120 days
Plant growth start 121 Julian days
Plant growth period 142 days
Maximum plant uptake 200 kg ha−1 yr−1
In
st
re
am
 
pr
oc
es
s
Open water
Minimum water temperature 0 ºC
Initial flows 0.01 m3 s−1
Initial water column TDP concentration 0.003 mg l−1
Initial streambed TDP concentration 0.003 mg l−1
Fl
ow
 d
yn
am
ic
s Velocity/Flow
Stream flow parameter a 0.04
Stream flow parameter b 0.4
Base flow index 0.66
Saturation excess Threshold soil zone flow 0.01 m3 km-2 s−1
Infiltration excess
Rainfall excess proportion 0.15
Maximum infiltration rate 3 mm day−1
Groundwater Groundwater residence time 6 days
M
aj
or
 P
 
in
pu
ts Nonpoint sources
Fertilizer application 0.0567–0.555 kg ha−1 day−1
Atmospheric inorganic P deposition 0.2 kg ha−1 yr−1
Septic tank loads 0.9* kg ha−1 yr−1
Point source Sewage treatment plants 15.3 kg yr−1
*Included in manure application on nonintensive agriculture
Table 3. Key parameters and P inputs of Black River catchment in INCA-P.
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stream network and land features within the whole Lake 
Simcoe watershed (Table 1). 
Sewage P loads were simulated for each STP based on 
mean effluent loading data (Table 2) over a 3-year period 
(2006–2008). Sewage effluents that discharge directly to 
the lake and septic loads reflective of the 100 m riparian 
area around the lake (which is thought to be a significant 
source of P loading) were also added to model inputs.  
Another major P input into the model mass balance is 
atmospheric deposition, which is ~0.23 kg ha−1 y−1 across 
the lake area of 722 km2 and was accounted for in the 
model (Ramkellawan et al. 2009). The effect of dreissenid 
mussels on the lake P budget must also be added to the 
model, but it is difficult to assess; the literature suggest a 
10% P reduction by the zebra mussel (Higgins and Vander 
Zanden 2010). This effect was simulated using an uptake 
term in the water body component of the model (Fig. 4).
Scenario analysis
As in the case of the Black River study (Whitehead et al. 
2011), a set of scenarios was used to assess different 
management options for the lake and catchment system:
Scenario 1 is a baseline run assuming current conditions 
for land use, STP effluent inputs, septic tanks, atmospheric 
deposition, and zebra mussel effect.
Scenario 1a assumes the effluent loads from lake STPs 
are reduced by 50% through enhanced P stripping and 
removal.
Scenario 1b assumes a cessation of effluent loads from 
the lake STPs (100% reduction in loading).
Scenario 2 is a fertilizer reduction using the same strategy 
as outlined for the Black River in Whitehead et al. (2011). 
Scenario 3 includes buffer strips installed to control 
sediments in the catchment as described in the Black 
River scenarios by Whitehead et al. (2011).
Scenario 4a increases atmospheric deposition by 25% to 
reflect concerns that additional P may be deposited to the 
lake surface by wind-blown dust.
Scenario 4b decreases atmospheric deposition to the lake 
surface by 50%, assuming additional control measures are 
implemented.
Scenario 5a is a multicriteria strategy that includes 
fertilizer reduction (including polder control), buffer 
strips, a 50% reduction in lake STP loads, and a 25% 
reduction in atmospheric deposition.
Scenario 5b is a second multicriteria strategy consisting 
of fertilizer reduction (including polder control), buffer 
strips, a 100% reduction in lake STP loads, and a 25% 
reduction in atmospheric deposition to the lake surface.
Scenario 5c is the same as Scenario 5b but without zebra 
mussels.
Fig. 5. Multibranch INCA-P model structure representing the entire Lake Simcoe watershed including the 6 major multibranch catchments 
(West Holland River, East Holland River, Pefferlaw River, Black River, Beaver River, and Whites Creek) and 16 single reach catchments.
Beaver 
River
West Holland 
River
East Holland River
Black River
Pefferlaw River
Whites Creek
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Results
The catchment hydrology modelled by HBV-INCA for the 
Simcoe catchments showed good fit between simulated 
and observed daily flow, with r2 values of 0.57, 0.54, 0.46 
and Nash-Sutcliffe statistics of 0.36, 0.38, 0.27 at the 
mouths of Black River, Pefferlaw Brook, and Beaver 
River, respectively. To calibrate the lake component of the 
model we compared the mean TP concentrations from 
2007 to 2009 between simulated and observed values 
from the lake and bays at various locations (Fig. 2). For 
the lake itself, chemistry data collected from 4 sites were 
averaged and compared with the modelled values for the 
lake (Fig. 2). Results showed that the mean observed TP 
concentrations and the simulated values were in good 
agreement, as indicated in Kempenfelt Bay, Cook’s Bay, 
and the lake (Table 4). The 2-tailed student t-test applied 
to all sites (Table 4) suggest that the mean of modelled 
data from 2007 to 2009 was not significantly different 
from the observed data at the 95% level. Given the 
complexity of modelling the subcatchments and the lake 
in such an integrated manner, the model can be considered 
to perform reasonably well in simulating the mean TP 
concentrations in the lake and bay areas (Arhonditsis and 
Brett 2004). 
The simulated and observed TP concentrations from 
2007 to 2009 at the Cook’s Bay (C9) and Kempenfelt Bay 
(K42) are 2 examples of the daily fit of the model (Fig. 6). 
The model closely represent the mean condition of the 
lake and bays, and the slow-changing nature of the 
short-term dynamics reflect the long residence times of 
the water in these compartments. Monthly loads of TP 
from the catchments ranged from 200 to 1200 kg with 
high TP loads in the spring high-flow period. There was 
generally a good fit of observed and modelled data for 
monthly loads from the subcatchments, with an r2 of 0.83 
(Fig. 7), but the loads were often underestimated by the 
model.
The scenario results for the full catchment and lake 
simulations (Table 5) provided the set of management 
actions considered in each scenario, the mean lake TP 
concentration obtained under the scenario, and the 
percentage change from the current or baseline condition. 
The scenarios for the lake STPs generated a 9% reduction 
in lake TP concentrations for a 50% reduction in direct 
STP discharge and a 19% reduction for a complete 
removal of P from the STP effluent load. The simulated 
effects of fertilizer controls and buffer strips are much 
smaller at 1.3 and 0.9%, respectively, which reflects the 
lower impacts of such measures in the catchments 
(Whitehead et al. 2011). Atmospheric deposition was 
important, with the increased deposition scenario 
increasing the lake TP concentrations by 5.8%. The 
suggested reduction in deposition of 25% reduced in-lake 
TP concentrations by 12%. Finally, the multicriteria 
scenarios illustrated what could be achieved with a 
combination of management actions. Scenario 5a 
suggested a reduction of 25% in lake TP to approach the 
target of 0.01 mg L−1. A 35% reduction was predicted with 
scenario 5b and the additional removal of STPs. Assuming 
no zebra mussels are present in the system (scenario 5c), 
the in-lake TP concentrations could be reduced by 28%. 
Fig. 6. Observed and simulated daily TP concentrations at Cook’s Bay (C9) and Kempenfelt Bay (K42).
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The final scenario assuming zebra mussels are absent or 
are causing minimal P loss is purely a speculative 
assumption but can be used to examine the increase in P 
concentrations without the zebra mussel effect. Based on 
the scenario results, a combination of measures (e.g., 
fertilizer reduction, buffer strips, reduction in lake STP 
loads, and reduced atmospheric deposition) could have the 
desired effect of reducing the concentrations in Lake 
Simcoe to a lower target concentration.
Discussion
This study is the first to use a model-based approach to 
integrate P dynamics in the Simcoe watershed and lake. 
The use of the INCA-P model has previously resulted in a 
good model fit in the Black River catchment (Whitehead 
et al. 2011), and our work extended the model application 
to the entire watershed and the lake system. The hydrology 
simulations for the subcatchments and the P-load 
estimates reproduced the general monthly patterns of 
Observed TP Simulated TP
Mean (µg L−1) SD* (µg L−1) Mean (µg L−1) SD* (µg L−1)
Kempenfelt Bay K39 15.4 4.2 12.3 3.1
Kempenfelt Bay K42 14.8 3.6 13.4 2.7
Cook’s Bay C1 23.5 14.9 15.6 4.2
Cook’s Bay C6 18.5 4.9 17.7 5.2
Cook’s Bay C9 15.8 4.3 17.2 4.8
Main lake 14.2 4.2 16.9 4.5
* -SD is standard deviation.
Table 4. Average values of simulated and observed TP in the Kempenfelt Bay, Cook’s Bay, and the main lake from May 2007 to October 
2009.
Scenario Description TP TP
mg L−1 % change
scenario 1 Baseline 0.0156
scenario 1a Lake STPs 50% reduction 0.0141 −9.6
scenario 1b Lake STPs 100% reduction 0.0126 −19.2
scenario 2 Fertilizer reduction 0.0154 −1.3
scenario 3 Buffer strips 0.0155 −0.6
scenario 4a Atmospheric deposition +25% 0.0165 5.8
scenario 4b Atmospheric deposition −50% 0.0137 −12.2
scenario 5a A multi-criteria strategy-fertilizer reduction (including polder control) + buffer 
strips + 50% reduction for lake STPs + 25% deposition reduction
0.0116 −25.6
scenario 5b A second multicriteria strategy - fertilizer reduction (including polder control) + 
buffer strips + 100% reduction for Lake STPs + 25% deposition reduction
0.0101 −35.3
scenario 5c Same as scenario 5b but no zebra mussels 0.0111 −28.8
Table 5. Scenario results for the Lake System, showing mean annual TP and the percentage change in TP concentration from the baseline.
Fig. 7. Simulated and observed loads for Black River, Beaver River, 
and Pefferlaw Brook catchments.
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tributary behavior, which translated to a good statistical 
match with TP concentrations in the lake. 
Process-based models such as INCA-P are inherently 
uncertain because of the complex interactions between 
processes. Model performance could also be affected by 
the sampling and measurement errors associated with field 
data, which were seen in the Black River catchment 
(Whitehead et al. 2011). A parallel INCA-P modelling 
study by Baulch et al. (2013) on the Beaver River 
catchment suggested factors such as beaver activity, rates 
of P fertilization, groundwater P inputs, and suspended 
sediment P interactions can be important sources of model 
uncertainty. Modelling is an important tool for under-
standing complex systems, however, with modelling 
challenges often reflecting challenges associated with un-
derstanding a complex natural environment. Additional 
challenges faced in Lake Simcoe modelling included P 
concentrations in the subcatchment streams and lake that 
are low and close to detection limits, and the difficulty of 
parameterizing effects of zebra mussels on P dynamics, 
based on limited work on this topic to date. 
Many of the assumptions made in the INCA-P 
application to the whole Lake Simcoe watershed are sim-
plifications of reality; however, given the original design 
of the INCA model was to use a simplified representation 
of the P dynamics in the river system to reduce model pa-
rameterization and extensive input data requirements, it is 
unclear if building a more complicated model structure 
would improve the model performance (Wade et al. 2002). 
Sensitivity analyses of the INCA-P model (Wade et al. 
2002, Dean et al. 2009) suggested that the sensitive 
parameters are sometimes poorly characterized, such as 
the exchange of P between water column and sediment 
pore water and the groundwater residence time. Future 
work needs to better characterize these sensitive 
parameters to provide simulations to allow better under-
standing of human-induced alteration of hydrology and a 
detailed understanding of regional land use practices. 
While a range of uncertainties are associated with 
water quality models like INCA-P, modelling provides the 
best available approach for understanding possible future 
conditions and assessing management strategies. This first 
application of the multibranch INCA-P to the entire Lake 
Simcoe watershed does provide a novel means for 
managers to understand the complex river network, lake 
system, and most important, to understand potential 
effects of different management options at the scale of the 
whole watershed. The modelling results presented here 
suggest that there are viable options for meeting the Lake 
Simcoe protection plan targets for reduced TP loadings 
and reduced in-lake concentrations (OMOE 2009). For 
example reduction in the lake STP effluent loads seems to 
have a significant effect on reducing TP concentrations up 
to 20%, whereas the effects of fertilizer controls and 
buffer strips are not as important, to some extent, because 
P reductions from fertilizer use and buffer strips occur 
higher in the catchments, far from the river mouths. Thus, 
catchment and in-stream processes may buffer impacts of 
altered land use. 
The model scenario results also showed that reduction 
in atmospheric deposition will help reduce in-lake TP con-
centrations. Although atmospheric sources of P are 
difficult to control, one local form of management being 
considered by the Lake Simcoe Region Conservation 
Authority (LSRCA) is the control of dust releases from 
construction sites in the Simcoe catchment, which might 
be achieved by spray and water measures. Ultimately, the 
combination of fertilizer reduction, addition of buffer 
strips, tighter controls on STP effluent, and reduced 
atmospheric deposition has the desired effect of reducing 
the simulated concentrations in Lake Simcoe to the 
targeted level. Reducing nonpoint source pollution is a 
difficult problem in many catchments throughout many 
regions of the world (Drolc and Koncan 2002, Dalzell et 
al. 2004, Fulton and Smith 2008, Meals et al. 2008, Rao et 
al. 2009, Whitehead et al. 2011). The technology for 
point-source reductions is well known, however, and 
suggests that this may be the fastest and most effective 
component of the P reduction strategy, although it is 
associated with high cost. The P reductions are all 
achievable, although the cost implications of the measures 
could be assessed using cost effectiveness techniques 
(Whitehead et al. Forthcoming 2013).
In addition, P load reductions will have to be attained 
in a changed climate (Murdoch et al. 2000, Whitehead et 
al. 2009b). Given the sensitivity of the model to hydrolog-
ical parameters, we suggest that more work is required to 
understand climate change effects on hydrology and P 
loads in the watershed. Results for the Black River sub-
catchment of Lake Simcoe using downscaled climate 
models and INCA-P model suggest that a changing 
climate will increase P loads over the 21st century 
(Crossman et al. 2013). Extending this analysis to the full 
catchment scale using the model-based approach 
presented here and assessing climate-related changes in 
sensitivity of the lake to elevated nutrient loads are needed 
to more fully understand management actions required to 
protect this large lake ecosystem from increased P loads in 
a warming climate. 
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